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ABSTRACT
Sediment cores, one frcm the Southern Branch of the Elizabeth 
River and one frcm the Nansemond River, were analyzed for polvcy- 
clic aromatic hydrocarbons (PAHS) and aliphatic hydrocarbons.
Glass capillary gas chrcmatography and glass capillary gas chrcma- 
tography-mass spectrometry were used in the analyses.
The concentrations of PAHS in the sample frcm the Elizabeth 
River were as much as four orders of magnitude higher than those 
frcm the Nansemond River which served as the control. The concen­
trations of PAHS in the Elizabeth River core varied greatly as a 
function of depth within the sediments, suggesting variations in 
PAH input to the river.
The likely causes of the variations were events such as 
addition of creosote to the river by a nearby wood treatment 
plant.
The concentration and distribution of PAHs in the Nansemond 
River core indicate that they were of pyrolytic origin frcm the 
ccmbustion of carbonaceous fuels.
Sediments frcm both areas contained aliphatic hydrocarbons. 
Both petroleum and biosynthetic origins were suggested by the 
distributions of compounds. The biosynthesized portion of the 
aliphatics appears to be frcm both marine and terrestrial sources.
xiv
ORGANIC COMPOUND LEVELS IN A SEDIMENT 
CORE FROM THE ELIZABETH RIVER OF VIRGINIA
INTRODUCTION
Hydrocarbons as pollutants from oil spills and other anthropogenic 
sources have received considerable scientific attention owing to the 
interest in understanding the inputs, fate and effects of these com­
pounds in sediment. Seme of the compounds exhibit both acute and 
chronic toxicity to marine life (Farrington and Meyer, 1976; Lee et al., 
1977; Wakeham et al., 1980; Hites, Laflairrne, and Farrington, 1977;
Hites, Laflairrne and Windsor, 1980; Connell et al., 1980; Tan and Heits, 
1981). Others, such as the polycyclic aromatic hydrocarbons (PAHs), 
are precursors of mammalian mutagens and carcinogens and therefore pose 
a threat to marine animals and humans (Arcos and Argus, 1968; NAS, 1972) .
There are three principle sources of hydrocarbons found in the marine 
environment. These are:
1. Biosynthesis:
Marine and terrestrial organisms biosynthesize hydrocarbons. 
Not only are some formed by photoautotrophs frcm inorganic 
carbon but also as metabolites of an organic precursor. Bio­
synthesized hydrocarbons may be released during normal life 
processes or upon death and decomposition.
2. Geochemical processes:
A. Submarine and near shore terrestrial oil seeps release
petroleum hydrocarbons directly into the marine environment.
B. Erosion and transport of soils which have been contaminated
2
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by hydrocarbons are another way that the compounds reach 
the marine system.
C. Hydrocarbons are also produced by the diagenesis of organic 
materials (Hodgson, 1971; Hunt, 1975).
3. Anthropogenic sources:
It was calculated that sewage discharge is a major source of hydro­
carbons (National Academy Press, 1981) . Hydrocarbons may enter the 
marine environment from accidental or careless discharge of crude or 
refined oils. In addition hydrocarbons pvrolytically synthesized during 
the combustion Qf fossil fuels can be deposited in marine environments 
via aeolian transport (Grimmer and Bohnke, 1975; Farrington and Meyer, 
1976; Muller et al., 1977; Wakeham et al., 1980) .
There have been suggestions that seme PAHs can be synthesized by 
algae (Bomeff et al., 1968); by plants (Graef and Diehl, 1966; Hancock 
et al., 1970); or by various bacteria (Brisou, 1969; Knorr and Schenk, 
1968; De Lima-Zanghi, 1968; Niaussat et al., 1969; 1970). Later 
studies (Hase and Hites, 1976b) indicated that those PAHs were not 
synthesized by bacteria but were due to contamination. Another study 
also shoved that when strict care was taken to exclude all outside con­
tamination, no PAHs could be found in higher plants such as rye, soy­
bean, or tobacco plants (Grimmer and Duevel, 1970). At present, most 
studies support the belief that PAH mixtures in sediment result from 
the deposition of combustion-generated airborne particulate matter. 
Pvrogenesis frcm carbonaceous fuel conbustion is the most important 
and most common source of PAHs (Youngblood and Blumer, 1975; Hase and 
Hites, 1976a; Laflairrne and Hites, 1978) . Forest and prairie fires are 
natural sources of PAHs. •PAHs produced by combustion are relatively
4.
rich in unsubstituted compounds. Qualitatively similar mixtures of 
alkyl hcmologs of PAHs are produced regardless of the fuel type and the 
combustion conditions (Hase et al., 1976; Lindsey, 1960). Quantitatively, 
however, the distribution of alkyl homo logs can be quite different de­
pending on combustion temperature. Low conbustion temperatures, such 
as 1100° K, will yield a soot relatively abundant in alkyl substituted 
PAHs of low molecular weight such as phenanthrene. Very high tempera­
tures (2200° K) will yield soot in which aLkyl PAHs are almost absent 
(Lee and Hites, 1976) . Extended periods of time (10 yr) at low temp­
eratures (450° K) had been postulated to be the condition required to 
yield the low concentration of PAHs in petroleum (Mair, 1964) .
Alternately, if the source is in situ aromatization of naturally 
occurring precursors (such as plant terpenes) , the PAH mixture is less 
complex and contains compounds which are directly related to the skeleton 
structures of their precursors. Examples of naturally derived PAHs are 
perylene, retene, and certain alkyl chrysenes and picene species (Hites, 
Laflairrne and Windsor, 1980; Laflamrae et al., 1978; 1979; Youngblood 
et al., 1975; Wakeham et al., 1979) .
Major sources of n-alkanes from n-C^ to n-C2p are marine algae, 
zooplankton and fish (Blumer, 1969; 1971) . The rajor sources of n- 
alkanes larger than n-C2j_ are terrestrial plants and marsh grasses 
which are transported to the marine environment (Egliton et al., 1963) .
Hydrocarbons can be removed from marine waters by sorption to 
particulate matter and subsequent incorporation into the underlying 
sediments. This association process can occur by two routes. One is 
through contact of the hydrocarbons and particles in the water column 
and subsequent settling, and the other is the direct contact of the
5.
hydrocarbon with bottom sediments. After deposition the hydrocarbons 
are subjected to further biochemical or chemical alteration, or they are 
eventually removed from contact with the contemporary marine environment 
by burial. Both processes may be very slow (Farrington et al., 1977) .
Investigation of the historical record of PAH deposition through 
analyses of sediment cores can help identify sources as being natural 
or anthropogenic. In addition, information on early diagenetic pro­
cesses can be obtained (Hited et al., 1980). The historical record of 
urban air hydrocarbon pollution or point source pollution may also be 
obtained.
As part of the EPA Chesapeake Bay program, the Chemical Oceano­
graphy Department of the Virginia Institute of Marine Science (VIMS) 
analyzed organic compounds in surface sediments from the Elizabeth 
River and reported that the sediments in the Southern Branch were 
heavily polluted by PAHs (Bieri et al., 1982) . Concentrations of 
PAHs in sediment increased from the mouth of the river to a maximum 
found approximately 1 km downstream from an abandoned wood treatment 
plant. The plant enployed creosote for wood preservation. Creosote 
contains many PAHs such as benzo (a) pyrene, chrysene, benzo (a) anthracene, 
benzo(b) fluoranthene, dibenzo(a,h) anthracene and indeno(1,2,3,cd) pyrene, 
some of which are considered carcinogenic (Li j insky, 1963; Dunn et al., 
1979; v’febb, 1975; Geiger, 1982) .
Black (1982) reported that the creosote still existed in the sediment 
and impacted marine animals (fish) thirty years after creosote got into 
the river. Since the VIMS study did not include samples collected at 
the wood treatment plant, the question remained as to whetlier the high 
concentrations of PAHs in the Elizabeth River sediments were due to the
plant. Therefore, this study was designed to measure and identify hydro­
carbons in the sediments near the abandoned wood treatment plant, to 
identify origins of these sedimentary hydrocarbons, to see if the activity 
and accident record of the wood treatment plant are reflected in the 
sedimentary record and finally, based on tie aforementioned objectives, 
to indicate the potential impact of these hydrocarbons on the environ-
METHODS
Sample Type and Location
Bottom sediment cores were collected near the abandoned wood treat­
ment plant in the southern branch of the Elizabeth River approximately 
two meters frcm the eastern bank. The coordinates of the area were 
36°47' and 76°18'10" (Fig 1) . The water depth was approximately one 
meter at the time of sampling, which was two hours before high slack tide. 
Several abandoned industries, a wood treatment plant and a fertilizer 
plant are near where the samples were collected. In addition there are 
oil storage tanks belonging to Tenneco, Amerada Hess and Exxon in the 
area.
The Nansemond River was chosen to be the control for this study.
This river is approximately eleven kilometers west of the Elizabeth 
River and is surrounded by marsh, bush and forest.
Both the Elizabeth and the Nansemond Rivers flow into the James 
River which is the southernmost tributary of the Chesapeake Bay. The 
average salinity of both sampling areas is. 10 0/o o •
Sample Collection
The sediment cores frcm the Elizabeth River were taken with a hand 
operated coring device shown in Figure 2. The unit consists of a two 
meter long, 8.5 centimeter inside diameter polybuterate tube with a 
stainless steel core catcher at one end. The tube contains a piston to
7
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Figure 1. Elizabeth River and Nansemond River sampling 
stations.
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Figure 2. Sampling device used in this study.
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CORE CATCHER 
(CORE RETAINER)
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both keep excess water off the collected core and create a slight 
suction to prevent the core from falling out. For very fine grained 
sediments, such as those from the Elizabeth River, both the core catcher 
and the piston were necessary to keep the core from sliding out of the 
tube. Once a core was collected, the attachments were removed from the 
tube and it was capped prior to returning to the laboratory. The cores 
were kept at 5°C in the laboratory until needed for extraction.
The sample from the Nansemond River was collected with a standard 
gravity corer with a polybuterate barrel which was one meter in length 
and had a 4.7 centimeter inside diameter.
Sample description
Three cores were collected; two were from the same site in the 
Elizabeth River (core 2 and core 3) and one was from the Nansemond River 
(core 1). The organic composition of cores 1 and 3 was determined while 
core 2 was used for grain size analysis. Since cores 2 and 3 were from 
the same location, it was assumed that grain size data from core 2 were 
applicable to core 3.
The physical descriptions of core 3 are given below:
Depth (cm) Description
0-15 dark grey
15-20 dark grey with occasional inclusions of viscous,
black oily substance which smelled like creosote
20 - 47 very dark, almost black with an abundance of inclu­
sions of viscous, black oily material which smelled 
like creosote, inclusions increasing with depth 
47-- 64 black, very abundant inclusions of viscous oily
material, inclusions existing in different shapes, 
varying from bands 0.3 cm thick and 2 cm long to 
irregularly shaped globs as large as 1.5 cm in 
cross section
64 - 80 very dark, almost black, inclusions of viscous,
oily material decreasing with depth 
80 - 106 dark grey, few inclusions of black, viscous, oily
material
13.
The physical appearance of the core is shown by photographs in 
Figures 3 thru 5.
Gore 1 was homogeneous, dark grey and muddy sediment.
Extraction
The extruded core was sectioned after the outside 1.2 cm had been 
carefully removed to guard against contamination frcm one section in the 
core to another due to the smearing upon contact with the coreliner.
The sections taken are described below:
Section Nurrfoer Depth from Surface (cm)
1 0 - 4.5
2 4.5 - 9.5
3 9.5 - 14.5
4 14.5 - 19.5
5 19.5 - 24.5
6 24.5 - 30.5
7 30.5 - 35.5
8 35.5 - 41.0
9 41.0 - 47.0
10 47.0 - 54.0
11 54.0 - 59.0
12 59.0 - 64.0
13 64.0 - 69.0
14 69.0 - 74.0
15 74.0 - 80.0
16 80.0 - 85.0
17 85.0 - 90.0
18 90.0 - 96.0
19 96.0 -101.0
20 101.0 -106.0
Sections 1, 4, 5, 11, 12, 13, 14, 15, 16, 18, 19, and 20 were freeze 
dried utilizing a Virtis 10-MR-TR unit. The remining sections were air 
dried at room tsnperature due to a breakdown of the freeze dryer. After 
drying, sections 1, 4, 5, 11, 12, 15, 16, 19, and 20 were spiked with 
known amounts of 2,2' -binaphthyl, p-quaterphenyl and 2-methyloctadecane 
to check for extraction recovery and for quantification. 2-methylocta- 
decane was emitted in remaining sections because at the beginning it was
14
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Figure 3. Section 3 (9.0-14.5 cm) of the Elizabeth 
River sediment core.
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Figure 4. Section 9 (41.0-47.0 cm) of the Elizabeth 
River sediment core.
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Figure 5. Section 14 (69.0-74.0 cm) of the Elizabeth
River sediment core.

20.
inadequate as a compound to be used for calculating extraction recovery. 
The spiked sediments were Soxhlet extracted for 48 hours with methylene 
chloride as the solvent. The extracts were concentrated by rotary evap­
oration to approximately 10 ml and then to lesser volumes by a nitrogen 
stream. The final volumes varied, depending on the concentration of 
organic compounds present in the extracts.
Fractionation
Since sediments often contain a wide range of organic compounds, it 
is usually necessary to make some class separations. If this is not done, 
the resulting gas chromatograms will be too complex for interpretation 
due to extensive super imposition. For this study, liquid chromatography 
was utilized for the separations.
The chromatographic columns used had an i.d. of 1 cm and were 30 cm 
in length. Each had a coarse glass frit to prevent the solid phase from 
escaping. The columns were wet packed with a n-hexane slurry of Bio- Sil© 
(a silica gel, 100-200 mesh) which had been activated at 235°C for 16 
hours. A hand vibrator was used to facilitate settling to a packing 
height of 175 mm. This resulted in a n-hexane flow rate through the 
column of 2 ml/min. The Bio-Sil® was capped with 1 to 5 mm of precleaned 
sand before sample introduction.
The extracts were checked for the presence of sulfur by inserting 
an activated copper wire. All checks were negative.
The extracts were adjusted with methylene chloride to appropriate 
volumes and 0.2 ml aliquots were loaded onto the columns. The aliphatic 
fraction was obtained by elution with n-hexane, discarding the first 
5 ml and collecting the next 13 ml. Elution was then continued with
21.
40:60 (v/v) toluene-hexane. The aromatic fraction was obtained from 
30 ml of this solvent mixture. A final elution with methyl alcohol 
(15 ml) gave the polar fraction. The fractions were concentrated in 
a nitrogen stream and the hexane in the aliphatic fraction was changed 
to toluene since the boiling point of hexane is too low for splitless 
injection in our gas chromatographs.
A schematic of the analytical methodology is given in Figure 6.
The Elizabeth River core contained very high levels of PAHs rela­
tive to aliphatic compounds. The ratio of aromatic to aliphatic com­
pounds was approximately 5 x 10^ . This high aromatic content caused 
overloading problems in the liquid chromatography and required dilution 
of the samples. However, when the samples were diluted to avoid over­
loading, the aliphatic fraction was diluted below its detection limit.
To overcome these difficulties, separate runs on different columns were 
made. For the aromatic fraction, the extracts were diluted from 15 
to 12,500 times (Table 1) . For the aliphatic fraction, the samples were 
diluted between 2 and 18 times (Table 2) . The initial aliphatic fractions, 
contaminated with aromatics due to overloading, were re-chrcmatographed 
to obtain aliphatic mixtures.
Gas Chromatography
A Varian 3700 gas chromatograph equipped with wall coated glass 
capillary columns was utilized to generate quantitative and semiquali- 
tative information on the extracts. The conditions for the GC analyses 
were:
Injector : splitless 
Detector : flame ionization
22
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Figure 6. Flowchart of laboratory procedures used in 
the analysis of sediment hydrocarbons.
Thaw frozen sediment core at room temperature
Slice th iwed sediment core into 20 sections with ~5cm long
I
Transfer sliced sediment core into stainless steel trays 
Freeze dry (or air dry at room temperature)
a
Weigh dried sediment sample
. 4
Spike with recovery standard
4
''Soxhlet extract for 48 hrs with '350 ml methylene chloride
4
Rotary evaporate to about 10 ml
i ,
Dilute samples to appropriate volume
i
Check the presence of sulfur
4
Run silica gel chromatography
4
Transfer 0.2 ml sample on fixed silica gel column
4
Rinse with 0.5 ml hexane 
4
Elute with hexane
4
Discard first 5 ml
4
Collect next 13 ml------------------- —  . ^
4 Evaporate under N2 to '0.2 ml
Elute with 4 0/60 (V/V) Toluene/hexane 4
4  Add toluene to '0.5 ml
Collect next 30 ml—
4
Elute with methanol
4
Collect 15 ml
4.
4Evaporate under N2 to 0.2 ml
Hexane fraction (Aliphatics)
Methanol fraction (Polars)- 4
not analyzed Evaporate finder H2 to 0.2 ml
Tolune fraction (Aromatics)
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Injector temperature : 280°C 
Detector temperature : 280°C 
Column length : 20 meters 
Liquid phase : SE-52 
Air flow. : 300 ml/min 
H2 flow : 30 ml/min 
He flow : 3 ml/min
Temperature program : 75°C - 280°C at 6°/min 
and hold until n-C32 or benzo (ghi) perylene 
elutes
Coupled to the gas chromatograph via an A/D converter was a Hewlett- 
Packard 3354B laboratory automation system. All GC data were stored on 
magnetic discs. The data system provided a tabulation of retention times 
and corresponding peak areas for each GC run.
Semiqualitative Analyses
To obtain semi-qualitative data on both the aliphatic and aromatic 
fractions of the extracts, relative retention indices (PHI) were used. 
Briefly, KRI are derived by utilizing a series of standard or marker 
compounds, which are injected into the gas chromatographs for determi­
nation of their retention times. The retention times of individual 
sample compounds in an extract are then determined in a similar manner. 
(It may be preferable to co-inject the marker compounds with the sample.) 
The relative retention indices of the sample compounds are then calcu­
lated relative to the actual retention times of the markers and sample 
compounds.
For the alkane fraction the Kovats Index (Kovats, 1958) employing 
normal alkanes as marker compounds was used. The composition of the
27.
standard solution used to determine marker retention times is given below: 
Composition of the Aliphatic Hydrocarbon Standard
Compounds Kovats Index Cone. (ng/X) Compounds Kovats Index Cone.(ng/X)
n-Cn 1100 14.48 n“c20 2000 16.21
n-Cl2 1200 13.92 n_c21 2100 16.21
n-Ci3 1300 13.84 n”c22 2200 16.68
n-Ci4 1400 14.08 n-C23 2300 16.37
n-Ci5 1500 14.56 n-C24 2400 16.40
n-c16 1600 14.80 n“c25 2500 16.79
n-Ci7 1700 15.28 n“c26 2600 16.50
Pristane 1706 14.80 n“C28 2800 16.78
n-Ci8 1800 14.80 n<:30 3000 16.94
n_c19 1900 16.56 n-C32 3200 17.17
The Kovats Index has been shown to yield reproducable reaults for 
the aliphatic fraction but loses precision when used for aromatics (Bieri, 
1977; Lee et al., 1979). This is because of small differences between 
supposedly identical gas chromatographic columns which affect the reten­
tion times of the more polar compounds to a greater extent than those of 
the less polar aliphatic compounds. In order to overcame these difficul­
ties a series of unsubstituted PAH marker compounds was utilized for the 
aromatic fraction. The relative retention indices are named "Aromatic 
intention Index" (ARE) . The series chosen was modified slightly from 
that suggested by Bieri et al. (1980) :
Compounds of the Aromatic Hydrocarbon Standard 
Compounds ARE Cone. (ng/X) Compounds ARE Cone. (ng/X)
Naphthalene 0 20 Pyrene 300 20
Biphenyl 100 20 Chrysene 400 20
28
Continued:
Compounds ARI Cone. (ng/X) Compounds ARI Cone. (ng/^ )
Hexamethylbene 119.4 20 Perylene 500 20
Phenanthrene 200 20 Benzo(ghi)perylene 600 40
The relative retention indices of either the Kovats or the aromatic 
system were calculated according to the following equation: 
fy ~ Txa
*x - T X + Ixa1xb Xxa
Ix : retention index of peak x
Tx : retention time of peak x
Txa : retention time of the last marker compound peak that occurred 
before peak x
: retention time of the next marker compound peak that occurred 
after peak x
Ixa : retention index of the last assigned compound that occurred 
before peak x
Quantitative Analyses
Each extract was co-inj ected into -the gas chromatograph with a known 
amount of 1,1'-binaphthyl. The response of an aromatic compound relative 
to the response of the 1,1 '-binaphthyl was used to calculate the concen­
tration of the former, according to the formula given below:
VBN x Crn x x VTY x Fn 
AbN x Vx x Wx
Qx : concentration of peak x
: volume (yl) of 1,1' -binaphthyl co-injected with sanple
^BN : concentration of 1,1’ -binaphthyl co-injected with sample
Ax : area of peak x
29.
: total fraction volume (yl) after evaporation before GC injec­
tion
Fd : dilution factor
: area of 1,1'-binaphthyl 
Vx : volume (yl) of fraction injected 
Wx : dry weight (g) of sample
Qualitative Analyses : Gas Chromatography-Mass Spectrometry (GC-MS)
In order to identify as many peaks as possible and also to make the 
identification as reliable as possible, some of the samples were analyzed 
by Gas Chrcmatography-Mass Spectrometry (GC-MS) . The instrument used was 
a DuPont 21-4923 interfaced with a Varian 2700 gas chromatograph which 
had been modified to accept glass capillary columns. The columns used 
were identical with those used for the GC analyses. The mass spectrometer 
was used with a DuPont 094-B data system and software to produce recon­
structed chromatograms and mass spectra. In addition, software was 
developed to calculate relative retention indices from GC-MS data 
(personal communication, Hein, C. S., VIMS) . This in turn allowed 
the correlation of GC-MS data with those from the GC alone.
The mass spectrometer was operated with the electron impact source 
at 70 eV. Calibration was obtained with a perfluoroalkane mixture.
The instrument worked in a continuous scan mode, sweeping for m/e = 50 
to 500 in one second with a 1.6 second reset time.
RESULTS
Precision and Recovery
In order to determine the precision and estimate the accuracy of the 
analytical methodology utilized in this work, extractions and analyses 
of replicate samples which had been spiked with a known amount of 2,2'- 
binaphthyl were performed.
In all, five sub samples of a surface sediment were obtained from a 
grab sample collected at the station in the Elizabeth River. The results 
of the experiment are listed in Tables 3, 4, and 5. The percent reco­
very of the 2,2 '-binaphthyl spike was 65-9%. It is possible that 
2,2'-binaphthyl was present in some: of the replicates, and contributed 
to the spread in the recovery yields.
Grain size
Results of the grain size analyses of the Elizabeth River sediments 
are given in Table 6. The data indicate that the grain size distribution 
of the core is relatively homogeneous, the major exception being the 
surface section of between 0 and 5 centimeters. In this section the 
percent sand is two or more times higher than in deeper sections. This 
may reflect recent urbanization and erosion in the surrounding drainage 
basin. The silt plus clay content of the sediments, with the above 
mentioned exception, was above 84 percent, with most in excess of 90 
percent. It is, therefore, not surprising that no correlation was found
30
TABLE 3
Summary of aromatic hydrocarbon content of samples 
used to determine analytical error (in yg/g).
Standard
Compound Mean Deviati
Naphthalene 8.0 59.3
Benzothiophene 2.4 64.6
Acenaphthene 2.2 112
Fluorene 0.8 105
Phenanthrene 11.2 17.7
Anthracene 8.0 23.7
4-Hcyclopenta(def)phenanthre 10.8 16
Methylphenanthrene 14.2 12.1
Fluoranthene 106.7 11.6
Pyrene 72.6 12.1
Methyl-phenylnaphthalene 24.4 17.9
Benzo (a)fluorene 39. 0 12.1
Benzo(a)anthracene 58.3 8.0
Chrysene/triphenylene 69.0 20.2
Benzofluoranthene 62.1 23.5
Benzo (e)pyrene 49.9 9.8
Benzo (a)pyrene 50.1 12.3
Perylene 68.7 6.1
Indeno(1,2,3,-cd)pyrene 20.9 23.3
Benzo(ghi)perylene 18.1 13.3
% Recovery 65.1 8.8
TABLE 4
Summary of aliphatic hydrocarbon content of samples 
used to determine analytical error (in yg/g).
Standard
Compound Mean Deviation
n-Ci4 1.6 83.9
n-Ci5 8.0 37.5
«-Cl6 7.2 20.6
n-Cj.7 14.4 25.3
pristane 7.4 31.1
n-C18 7.2 20.6
phytane 4.4 34.5
n-C19 15. 4 41.0
n-C20 13. 6 38.4
n-C2i 27. 8 29.2
n-C22 27. 4 28.0
n-C23 77.0 47.2
n-C24 92. 6 34.3
n-C25 170 35.6
n-C26 178 37. 8
n-C27 250 29.3
n"C28 117 27. 9
n-C29 719 28.6
n-C30 149 27. 9
11-C31 660 32.3
n-c32 71.4 28.8
% Recovery 65.1 8. 8
TABLE 5
Percent recovery of spiked 2,2-binaphthyl in grab sample.
Set Percent Recovery
1 66.5
2 55.8
3 71.5
4 65.5
5 66.1
Mean 65.1
Standard deviation 8.8 
Response factor:
1) 1,l1,-binaphthyl: 1171 unit area/ng
2) 2-methyloctadecane: 7 87 unit area/ng
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between hydrocarbon content and grain size since the grain sizes varied 
little.
Aromatic Fraction 
Elizabeth River
The results of major unsubstituted PAHs, methylnaphthalenes and 
total arcmatics for sediment from the Elizabeth River are listed in 
Table 7.
The gas chromatograms of this core fell into three fundamental 
compositional patterns (Figures 7, 8, 9) according to the depth of the 
core.
Figure 7 is representative of the chromatograms for the top 19.5 cm. 
The composition of PAHs in this figure is very similar to those of marine 
surface sediment on a world wide basis (Laflamme and Hites, 1978) , the
Chesapeake Bay and the Elizabeth River (Bieri et al., 1981; 1982) .
FIuoranthene and pyrene are the two major compounds. The peak heights 
of resolved PAHs increase sharply from phenanthrene toward fluoranthene 
and pyrene, and then decrease gradually toward the higher molecular 
weight end. Table 7 reflects this phenomenon for the listed PAHs with 
depth from surface to 19.5 cm.
Figure 8 is representative of the chromatograms of the sediment from 
19.5 to 85.0 cm. Phenanthrene is the largest peak in the chromatogram.
The peaks of low molecular weight compounds (from naphthalene to phenan­
threne) are comparable to pyrene. Table 7 shows that phenanthrene concen­
trations range from 200 to 1,900 ppm in the 19.5 to 85.0 cm sections.
1,900 ppm is the highest concentration of an individual compound.
Figure 9 is representative of the chromatograms of the lower part
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Figure 7. Gas chromatogram of the aromatic fraction 
of section 2 (4.5-9.5 cm) of the Elizabeth 
River sediment core.
Labeled peaks are: 1) naphthalene,
2) 2-methylnaphthalene, 3) 1-methylnaphthalene,
4) biphenyl, 5) fluorene, 6) dibenzothiophene,
7) phenanthrene, 8) anthracene, 9) fluoranthene, 
10) pyrene, 11) benzo(a)fluorene, 12) benzo(a) 
fluorene, 13) 1, 1-binaphthyi (int. standard) ,
14) benzo (a)anthrance, 15) chrysene/triphenyiene, 
16) benzo (j,b,k)fluoranthenes, 17) benzo(e) 
pyrene, 18) benzo(a)pyrene, 19) perylene,
20) indeno(1,2,3,-cd)pyrene, 21) benzo(ghi) 
perylene.
9 
10
 
14
 
15
3SNOdS3U
40
BLANK PAGE
igure 8. Gas chromatogram of the aromatic fraction
of section 11 (54.0-59.0 cm) of the
Elizabeth River sediment core.
Labeled peaks are: 1) naphthalene,
2) 2-methylnaphthalene, 3) 1-methylnaphthalene,
4) biphenyl, 5) fluorene, 5) dibenzothiophene,
7) phenanthrene, 8) anthracene, 9) fluoranthene, 
10) pyrene, 11) benzo(a)fluorene, 12) benzo (b) 
fluorene, 13) 1,1-binaphthyl (int. standard),
14) benzo(a)anthrance, 15) chrysene/triphenylene, 
16) benzo(j,b,k)fluoranthenes, 17) benzo(e) 
pyrene, 18) benzo(a)pyrene, 19) perylene 
20) indeno (1,2,3,-cd)pyrene, 21) benao(ghi) 
perylene.
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BLANK PAGE
Figure 9. Gas chromatogram of the aromatic fraction of 
section 19 (96.0-101.0 cm) of the Elizabeth 
River sediment core.
Labeled peaks are: 1) naphthalene,
2) 2-methylnaphthalene, 3) 1-methylnaphthalene,
4) biphenyl, 5) fluorene, 6) dibenzothiophene,
7) phenanthrene, 8) anthracene, 9) fluoranthene, 
10) pyrene, 11) 1 ,1-binaphthyl (int. standard), 
12) benzo(a)anthrance, 13) chrysene/triphenylene, 
14) 2, 2-binaphthyl (spike), 15) perylene,
16) p-quarterphenyl (spike)
3SN0dS3d
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(85.0 to 106 cm) of the Elizabeth River core. Low molecular weight 
PAHs become the dominant compounds in the chromatograms with higher 
molecular weight compounds reduced dramatically. Table 7 shows that 
the concentrations of PAHs with molecular weight larger than pyrene 
are usually less than 0.1 ppm in the 85.0 - 101 cm sections and equal 
or less than 1 ppm in 101 - 106 cm sections.
The concentrations of total aromatics given in Table 7 ranged fran 
83 to 14,000 ppm with maximum concentrations at 19.5 - 24.5 cm, 24.5 -
30.5 cm, and 54.0 - 59.0 cm. The same trend is also shown for all the 
listed individual PAHs. Profiles of concentrations with depth for this 
core are shown in Figures 10 thru 24.
Table 8 lists the oompounds identified by GC-MS at depths of 4.5 -
9.5 cm, 54.0 - 59.0 cm, and 96.0 - 101 cm. As was previously mentioned, 
the core contained inclusions of a black, viscous material which appeared 
to be almost pure creosote. Several of these inclusions were removed, 
combined, extracted and analyzed. The results from this "creosote" 
sample are also given in Table 8.
Figure 25 is the gas chromatogram of the aromatic fraction of "creo­
sote” taken from 14.5 - 19.5 cm and 24.5 - 30.5 cm sections of the Eliza­
beth River core. The chromatogram is similar to Figure 8. Concentrations 
of unsubstituted PAHs, methylnaphthalened and total aromatics in the
"creosote" are listed in Table 7. Concentrations of all listed PAHs
2except 1 -methylnaphthalene and benzo (b) fluorene are higher than 10 ppm 
with the highest concentration being 2900 ppm for phenanthrene. The 
total concentration of aromatics was 2 x 10  ^ppm.
Nansemond River
Figure 26 is a typical gas chromatogram of the aromatic fraction of
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BLANK PAGE
Figure 10. Profile of the concentration of total 
aromatics with depth for the Elizabeth 
River sediment core.
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Figure 11. Profile of the concentration of naphthalene 
with depth for the Elizabeth River sediment 
core.
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BLANK PAGE
Figure 12. Profile of the concentration of 2-methyl- 
naphthalene with depth for the Elizabeth 
River sediment core.
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Figure 13. Profile of the concentration of biphenyl
with depth for the Elizabeth River sediment 
core.
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BLANK PAGE
Figure 14. Profile of the concentration of methylbiphenyl 
with depth for the Elizabeth River sediment 
core.
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BLANK PAGE
Figure 15. Profile of the concentration of Phenanthrene 
with depth for the Elizabeth River sediment 
core.
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BLANK PAGE
Figure 16. Profile of the concentration of fluoranthene 
with depth for the Elizabeth River sediment 
core.
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Figure 17. Profile of the concnetration of benzo(a)anth­
racene with depth for the Elizabeth River 
sediment core.
99
CM
C W 3 ) H J_d3Q  3 8 0 3
B
«
n
zC
c
O
a
n
t
h
ra
c
tn
t 
IN
 
PP
M 
DR
Y 
W
T
61
BLANK PAGE
Figure 18. Profile of the concentration of benzo (b)fluo- 
rene with depth for the Elizabeth River 
sediment core.
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BLANK PAGE
igure 19. Profile of the concentration of chrysene with 
depth for the Elizabeth River sediment core.
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BLANK PAGE
Figure 20. Profile of the concentration of benzo(j.b .k .)
fluoranthenes with depth for the Elizabeth 
River sediment core.
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BLANK PAGE
Figure 21. Profile of the concentration of benzo(a)pyrene 
with depth for Elizabeth River sediment core.
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BLANK PAGE
Figure 22. Profile of the concentration of perylane with 
depth for the Elizabeth River sediment core.
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BLANK PAGE
Figure 23. Profile of the concentration of indeno(l,2, 
3,-cd)pyrene with depth for the Elizabeth 
River sediment core.
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BLANK PAGE
Figure 24. Profile of the concentration of b 
perylene with depth for the Eliza 
sediment core.
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Figure 25. Gas chromatogram of aromatic fraction of
"creosote" inclusions taken from depths 14.5 cm 
19.5 cm and 24.5 cm-30.5 cm of the Elizabeth 
River sediment core.
Labeled peaks are: 1) naphthalene, 2) 2-methyl
naphthalene, 3) 1-methylnaphalene, 4) biphenyl, 
5) fluorene, 6) dibenzothiophene, 7) phenanth- 
rene, 8) anthracene, 9) fluoranthere,
10) pyrene, 11) benzo (a)fluorene, 12) benzo(b) 
fluorene, 13) 1,1-bimaphthyl (int. standard), 
14) benzo (a)anthrance, 15) chrysene/tripheny- 
lene, 16) benzo(j.bJc)fluoranthenes,
17) benzo (e)pyrene, 18) benzo(a)pyrene,
19) perylene, 20) indeno(1,2,3,-cd)pyrene,
21) benzo(ghi)perylene.
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Figure 26. Gas chromatogram of aromatic fraction of 
section 2 (5.0-10.0 cm) of the Nansemond 
River sediment core.
Labeled peaks are: 1) naphthalene,
2) 2-methylnaphthalene, 3) 1-methylnaphthalene, 
4) phenanthrene, 5) pyrene, 6) benzo(a)fluorene, 
7) benzo (b)fluorene, 8) 1,1-binaphthyl (int. 
standard), 9) benzo(a)anthrance, 10) chrysene/ 
triphenylene, 11) 2,2-binaphthyl (spike),
12) benzo fluoranthene, 13) benzo(e)pyrene,
14) benzo(a)pyrene, 15) perylene, 16) p- 
quarterphenyl (spike), 17) indeno(1,2,3,-cd) 
pyrene, 18) benzo(ghi)perylene.
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the control sample. The primary feature of this chromatogram is the 
presence of an unresolved complex mixture (UCM) beginning with phenan- 
threne and with a maximum around perylene.
Table 9 lists the unsubstituted PAHs, methylnaphthalene, total 
resolved aromatics, UCM and total aromatics in this core. Besides the 
unseparated mixture of benzo (b, j ,k) fluoranthenes (BFL), the concentra­
tion of perylene is the highest in the entire core for individual PAHs.
In general, the concentrations of individual PAHs except biphenyl, 
fluorene and perylene increase from 0 - 5 cm to 5 -10cm and then either 
decrease or remain about the same to about 25 cm. Another maximum is 
reached at 30 - 35 cm. The maximum concentration of perylene occurs 
at 20.0 - 25.0 cm. Profiles of concentration with depth are shown in 
Figures 27 to 35. It should be noted that PAH concentrations for the 
Nansemond River sample are in ppb compared to levels of ppm in tlie 
Elizabeth River.
Aliphatic Fractions 
Elizabeth River
Unlike the aromatic fractions, gas chromatograms of the aliphatic 
fractions of the Elizabeth River core were similar for all depths and 
are not easily separated according to depth. The common feature in all 
chromatograms is the presence of a bimodal distribution of resolved 
n-alkanes. The first group contained n-C^ to n-C22 a maximum
concentration around n-Cpy to n-C]_g. The second group included n-C23 
to n-C35 with a maximum around n-C2g to n-C3^. Compounds with Kovats 
indices 1375, 1460, 1544, and 1643 were also detected in almost all 
the chromatograms. An unresolvable complex mixture (UCM) existed in
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Figure 27. Profile of the concentration of total aroma 
with depth for the Nansemond River sediment 
core.
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Figure 28. Profile of the concentration of fluoranthrene 
with depth for the Nansemond River sediment 
core.
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Figure 29. Profile of the concentration of benzo(a) 
anthracene with depth for the Nansemond 
River sediment core.
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Figure 30. Profile of the concentration of naphthalene 
with depth for the Nansemond River sediment 
core.
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Figure 31. Profile of the concentration of chrvsene wi 
depth for the Nansemond River sediment core
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Figure 32. Profile of the concentration of benzo(a) 
pyrene with depth for the Nansemond River 
sediment core.
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igure 33. Profile of the concentration of perylene
with depth for the Nansemond River sediment 
core.
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Figure 34. Profile of the concentration of indeno(l, 
3,-cd)pyrene with the depth for the 
Nansemond River sediment core.
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Figure 35. Profile of the concentration of benzo(ghi) 
perylene with depth for the Nansemond River 
sediment core.
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all the chromatograms frcm samples above 30.5 an and between 47.0 -
85.0 cm. A bimodal distribution of the UCM is clearly present in the 
chromatograms for samples from 9.5 - 14.5 cm, 14.5 - 19.5 an, 54.0 -
59.0 an and 59.0 - 64.0 cm. Detailed descriptions for each chromatogram 
are listed in Table 10. Five typical gas chromatograms are shown in 
Figures 36 to 40.
Table 11 lists the concentrations of n-C^ to n-C32, pristane, 
phytane, UCM, total resolved aliphatics and total aliphatics, and the 
ratio of pristane/phytane, Carbon Preference Index (CPI) and 
The concentrations of n-029 and n-C3p are the highest in the entire core 
except in the 19.5 - 24.5 cm and 24.5 - 30.5 cm sections. These two 
sections also contained the highest arcmatics. In the first 85.0 cm, 
pristane is the highest peak among the low molecular weight compounds, 
n-Ci4 to n-C22 • The pristane/phytane ratios are all greater than 1 
with most of them in the range of 1.9 to 2.9. The carbon preference 
index (CPI) was calculated for n-alkanes from n-C23 to n-C32 by taking 
the ratio of the sum of the concentrations of odd n-alkanes vs that 
of even n-alkanes.
c23 + c25 + c27 + C29 + C31
C P I =  ----------------------------------------------------------------------
c24 + c26 + c28 + c30 + c32
The range of CPIs was 2.8 to 4.3.
In the profiles of concentrations with depth, two maxima appear for 
n-C-^ to n-C22/ pristane and phytane. One is at 19.5 - 24.5 cm and 
another at 54.0 - 59.0 cm. Qualitatively, the relative amount of first 
peak gradually increases and broadens with the second peak slowly de­
creasing as the alkanes increase from n-Cp4 to n-C22* Figures 41, 42,
43, 44 and 45 present the profiles for n-C^, n-Ci^ , n-C-^ y, pristane and
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Figure 36. Gas chromatogram of aliphatic fraction of
section 1 (0-4.5 cm) of the Elizabeth River 
sediment core.
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Figure 37. Gas chromatogram of aliphatic fraction of
section 4 (14.5 cm-19.5 cm) of the Elizabeth
River sediment core.
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Figure 38. Gas chromatogram of aliphatic fraction of
section 5 (19.5 cm-24.5 cm) of the Elizabeth 
River sediment core.
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Figure 39. Gas chromatogram of aliphatic fraction of
section 7 (30.5 cm-35.5 cm) of the Elizabeth 
River sediment core.
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Figure 40. Gas chromatogram of aliphatic fraction 
section 15 (74.0 cm-80.0 cm) of the 
Elizabeth River sediment core.
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Figure 41. Profile of the concentration of with
depth for the Elizabeth River sediment core.
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Figure 42. Profile of the concentration of n -C^ with
depth for the Elizabeth River sediment core.
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Figure 43. Profile of the concentration of n-C1  ^with
depth for the Elizabeth River sediment core.
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igure 44. Profile of the concentration of pristane wi 
depth for the Elizabeth River sediment core
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Figure 45. Profile of the concentration of n”^22
depth for the Elizabeth River sediment core.
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n~<-'22 Multiple maxima appear in the profiles of n-C23 to
n-C32. None of these maxima correlates with the two maxima, in those 
profiles of the lower molecular weight alkanes to n-C22* Figures
46 and 47 are typical profiles of n-C25 and nK^g respectively.
In the ''creosote" sample, the amount of total aliphatics is very 
small ( lppm) in contrast with that of total arcmatics (2 x 10  ^ppm) . 
Concentrations of the major aliphatic compounds present (normal alkanes, 
pristane and phytane) are listed in Table 11.
Nansanond River
Figure 48 represents a typical gas chromatogram of the aliphatic 
fraction for the Nansemond River core. All the chromatograms contain 
an UCM from n-C-^ to n-C^^ with the maximum around n-C2g to n-^g.
Major peaks are found from n-C23 to n-C^ .^ n-C29 and n-C^ are the
two most concentrated compounds in the entire core.
Table 12 lists the concentrations of n-C^4 to n-C32, pristane, 
phytane, UCM, total resolved aliphatics, total aliphatics, pristane/ 
phytane, the CPI and C29/C-L7. The ratios of pristane/phytane range 
from 1.0 to 1.7. The ratios of n-C^g/phytane vary from 1.8 to 4.2.
The UCMs contain about 17 to 21 percent of the total aliphatics.
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Figure 46. Profile of the concentration of n-C„ with
2 3
depth for the Elizabeth River sediment core.
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Figure 47. Profile of the concentration of n-C wi2 9
depth for Elizabeth River sediment core.
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Figure 48. Gas chromatogram of aliphatic fraction of
section 2 (5.0 cm-10.0 cm) of the Nansemond 
River sediment core.
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Figure 49. Profile of the concentration of pristane
with depth for the Nansemond River sediment 
core.
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DISCUSSION
The sampling area is surrounded by four major highways and the 
industrialized areas of Norfolk, Chesapeake and Portsmouth. The 
Eppinger and Russel wood treatment plant, which closed in 1930, was 
immediately adjacent to the sampling area. Another wood treatment 
plant, Atlantic Wood, is approximately three kilometers downstream frcm 
the sample site and is still operating. The general area has a long 
history of wood treatment starting around the turn of the century* In 
1900 the Norfolk wood treatment plant started operation at Money Point.
In 1902 the Wycoff wood treatment plant was established in Portsmouth.
In 1920 the Republic wood treatment plant began at Money Point. Domes­
tic creosote was used by Norfolk wood treatment plant. Around World 
War II, Eppinger and Russel purchased the Norfolk wood treatment plant 
and used imported creosote (mainly frcm Europe). The Atlantic wood 
treatment plant was also started around World War II and used the same 
imported creosote source. The waste water frcm Eppinger and Russel wood 
treatment plant (E&R) was directly discharged into the Elizabeth River 
before the Korean War (1950 - 1953) . During the Korean War, Eppinger and 
Russel started to retrieve the creosote from plant waste water by letting 
the heavier than water creosote settle before the water was discharged.
The E&R facility treated between 500,000 and 1,200,000 cubic feet 
of wood per year, with 1946 and 1947 being the peak years. A fire at 
the E&R plant in 1963 resulted in a spill of creosote into the Elizabeth
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River. In 1967, ruptured tanks at the same facility resulted in the 
drainage of 20,000 to 30,000 gallons of creosote into the river.
Following the 1967 spill, Lone Star Company began dredging in 
the river approximately 0.25 miles (0.4 km) downstream of E&R. They 
found a pool of almost pure creosote on the bottom of the river. The 
record of this spill and this pool may still be preserved in the bottom 
sediments (personal comnunication with Mr. Shuler, previous owner of E&R) .
Creosote can be manufactured from coal-tar or wood-tar 
For industrial timber treatment applications, the coal-tar distillate 
is used which is a complex mixture of organic compounds most of which 
are hydrocarbons. When bituminous coal is heated ( 350°C) in the 
absence of air (pyrolysis) , it begins to break down or decompose to 
tar and gas. Most of the tar is evolved at temperatures between 400°C 
and 500°C. This crude tar is refined, or separated into different con­
stituents by distillation and chemical processing. Coal tar contains 
between 31 and 55 percent by weight creosote. In turn, creosote con­
tains between 3.8 and 0.7 percent naphthalene and 1 to 0.06 percent by 
weight anthracene (Encyclopedia Britannica, 1974).
The concentrations of 20 PAHs including methylnaphthalenes, major 
unsubstituted PAHs from 2 ring to 6 ring canpounds found in the "creo­
sote" taken from the Elizabeth River sample are listed in Table 7. The 
concentrations of aliphatic hydrocarbons in the "creosote" sample are 
listed in Table 11. A review of literature shows that coal tar contains 
all of the aromatic compounds listed in Table 8 which came frcm the 
"creosote" sample (Borwitzky and Schamburg, 1979; Novotny et al., 1982).
By using glass capillary chromatography and mass spectrometry, they 
identified 142 aromatic compounds. Of these 142 "aromatic" compounds,
96 were PAHs, 10 were sulfur-containing PAHs, 32 were nitrogen-containing
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PAHs, 3 were carbonyl derivatives of PAHs and 1 was a hydroxyl derivative 
of a PAH. Eighty-six of tie PAHs and seven of the sulfur-containing 
PAHs were found in "creosote” taken from the Elizabeth River (Table 8) . 
This is in agreement with the information that coal tar creosote was used 
by the E&R wood treatment plant. Additional PAHs may be present, but 
would elute in the polar fraction.
There appear to be three aromatic concentration maxima in the sedi­
ments collected in the Elizabeth River. The shallowest is between about 
25 and 30 cm; the next between 35 and 40 cm and the deepest between 55 
and 60 cm. These peaks may be related to the history of creosote use 
in this region of the river. If one assigns the shallowest peak (25 to 
30 cm) to the 1967 creosote spill from Eppinger and Russell, the next 
peak (35 to 40 cm) to the spill accompanying the 1963 fire at the same 
facility, and the deepest peak (55 to 60 cm) to the 1952 effort of 
removing creosote frcm plant waste water, then sedimentation rates of
2.0 cm/year, 2.1 cm/year and 2.0 cnv/year respectively are obtained.
The 2.0 an/year sedimentation rate was also estimated frcm radionuclide 
profiles (137 Cs) for the near shore area of Elizabeth River (personal 
communication with Linda C. Schaffner, Assistant Marine Scientist, VIMS) .
All three of these events are thus in reasonably good agreement 
with the sedimentation rates based on radioactive dating.
With the presence of visible creosote and of the extremely high 
concentrations of individual PAHs and total aromatics in the Elizabeth 
River core (Table 7) , creosote is obviously the major source for PAHs. 
Because of the irregular concentration vs depth profiles and the large 
concentration range for seme individual PAHs, normalization of the PAHs 
in each section of the core is necessary to gain a clear view of the
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variations of the compositions of PAHs. Fluoranthene was chosen as the 
base compound for normalization, because of its large separation from 
other PAHs, its high concentration for eliminating background inter­
ference and relatively low experimental variation (see Table 4) . Table 
13 lists the results of this normalization for compounds frcm phenan- 
threne (Phe) to benzo (ghi) -perylene (Oil) . The normalized values of 
phenanthrene and anthracene in the middle part of the core (from 19.5 
cm to 85.0 cm), which contains 62 percent of the PAHs in the entire core, 
clearly show agreement with those of the "creosote". The same agree­
ment also holds for the percentage of phenanthrene in total aromatics 
listed in the second column in Table 13.
The depth of 19.5 cm corresponds to the year 1971 (using a sedi­
mentation rate of 2.0 an/year). Around that time, the plant started 
waste water treatment operations. The gradual decrease in total aroma- 
tics in the core from 19.5 an to the surface may be a demonstration 
of the usefulness of the pollution control effort.
It is surprising to note that the normalized values of the remaining 
PAHs in sections 1 to 4 (0-19.5 cm) are not much different from those 
in sections 5 to 16 (19.5-85.0 cm) . Since pollution control was 
started (around 1971) , the major source of creosote contributing to the 
sediment was likely to be runoff frcm creosote contaminated soils, 
polluted in the two accidents at the E&R wood treatment plant. A 
combination of the high solubility of phenanthrene (Futoma et al., 1981) 
and the relative instability of anthracene when exposed to sunlight 
(Katz et al., 1979) may have caused the concentration of these two 
compounds to decrease. Due to the large experimental errors for fluorene 
and compounds which have lower molecular weights (Table 3) , normalization 
of these compounds was not tried.
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With an estimated sedimentation rate of about 2.0 cm/yr, the depth 
of 80.0 - 85.0 an corresponds to the start of the 1940 decade, which was 
the starting time of the E&R wood treatment plant. Below 85.0 cm, which 
corresponds to years prior to World War II, the sediments were dominated 
by compounds that eluted ahead of phenanthrene (Figure 9) . This charac­
teristic is absent in sediments above 85.0 cm. As mentioned previously, 
the Norfolk wood treatment plant changed hands to E&R around World War II. 
Creosote frcm different sources may have produced the different composi­
tions of creosote PAHs in the sediments. Whether or not this is true 
remains unknown and cannot be determined without having more information 
about the composition of the domestic creosote used by the early Norfolk 
wood treatment plant.
The aromatic fraction of the Nansemond River core showed that the 
PAHs were approximately five orders of magnitude lower in concentration 
than those frcm the Elizabeth River.
The samples frcm the Nansemond River core did contain an unresolved 
complex mixture (UCM) which corresponded to a concentration of about 
105 ppb (Figure 26) , while the chromatograms from the Elizabeth River 
did not display such an UCM. The 10 ppb UCM in the Nansemond River 
sample probably indicates that the sediment had been contaminated with 
oil which possibly could have come from boating activities in the region.
Figure 26 is qualitatively similar with gas chromatograms of PAHs 
of surface sediment taken from the Elizabeth River (Bieri et al., 1982) . 
The similarity of patterns of PAHs indicates that major sources of PAHs 
in the Nansemond River sediment are of pyrogenic origin, either natural 
or anthropogenic. The profiles in Figures 27 to 35 reveal that the input 
of PAHs has not changed significantly from the surface to 32 cm in depth,
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but the concentrations are higher above 32 cm in depth. This may be 
due to increasing anthropogenic activities. Below 32 cm, the concen­
tration decreased with depth. The sedimentation rate is not known in 
the area, but if the 2.0 cm/yr rate from the Elizabeth River is used 
then the suggested increase in anthropogenic activity would correspond 
to about 1965.
The concentration profile of perylene (Figure 33) has a main 
maximum value at 20-25 cm which is different from that of other compounds. 
Formation of perylene by diagenesis (Laflanxne et al., 1979) could be 
responsible for this difference.
The creosote is not considered to be a major source of aliphatics. 
The ratio of the concentrations of total aromatic to total aliphatic 
hydrocarbons in the creosote inclusions from the Elizabeth River core 
was about 10^ . The ratio of the concentrations of total aromatic to 
total aliphatic hydrocarbons in sediment from the core was 10 or less.
The concentrations of aliphatics are much higher relative to the aroma- 
tics than in the "creosote" itself. Therefore, considering the high 
levels of aliphatic hydrocarbons present, there must be other sources 
providing aliphatics to the sediments.
The major sources for aliphatic hydrocarbons in marine sediments 
are biosynthesis, anthropogenic input and geochemical processes (Farring­
ton and Meyer, 1976; Laflanme et al., 1978; Han et al., 1969). Hydro­
carbons from these sources can enter the marine environment by runoff, 
atmospheric fallout, oil spills, boating activities, and discharge of 
industrial and municipal wastes. Some hydrocarbons naturally occur in 
the marine environment as a result of biological activity. Aliphatic 
hydrocarbons frcm these three sources are likely to have impacted the 
Elizabeth River sediments.
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One of the features in the gas chromatograms of the aliphatic 
fraction of the Elizabeth River core is the presence of an unresolved 
complex mixture (UCM) in most of the core. The presence of an UCM has 
been suggested to be characteristic of petroleum (Farrington and Quinn, 
1973; Blumer et al., 1970) . The same sources could be considered as 
contributors to the UCM in the sediment cores examined in this study.
Petroleum hydrocarbons are a very complex mixture with a wide 
molecular weight range. The complexity of hydrocarbons in crude oils 
is so great that even high resolution capillary columns can not com­
pletely separate the mixture. This gives rise to the UCM in gas 
chromatograms (Blumer et al., 1972 a,b; Ehrhardt et al., 1972; Zafiriou, 
1973 a,b).
In the immediate area of the portion of the Elizabeth River sampled 
are storage tanks belonging to three oil companies, heavily traveled roads 
and the cities of Norfolk, Portsmouth, and Chesapeake. There is also a 
great deal of boating and shipping activity. In fact, this may be the 
most heavily used river in Virginia. All of these activities have the 
potential of adding petroleum hydrocarbons to the sediments and petro­
leum may be the major source for the UCM.
Control sediments taken from near the mouth of Bennets Creek at 
the mouth of the Nansemond River also contain a UCM in the aliphatic 
fraction. The sanpling station is in an area of heavy boat activity.
The station is two miles from the James River. During flood tides 
the water from the James can get up to the sanpling area, carrying 
industrial waste or spilled oil to the area. Petroleum may be the 
major source for the UCM in the aliphatic hydrocarbon fraction of 
the control sediment.
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Short-chain n-alkanes and pristane (n-Cj_5 to n-C2j_) have been 
reported from marine algae, bacteria and petroleum (Clark and Blumer,
1967; Youngblood et al., 1971; Ehrhardt and Blumer, 1972; Adlard et al., 
1972; Giger and Schaffner, 1975) , whereas long-chain n-alkanes (n-KJjj 
to n-C^p have been reported predominantly frcm higher land plants 
(Giger and Schaffner, 1975).
Phytane is considered as originating frcm petroleum. The presence 
of phytane in sediment has been claimed to indicate petroleum contami­
nation (Blumer and Snyder, 1965) . The concentrations of phytane in 
the core taken frcm the Elizabeth River are much higher than those in 
the core taken from the Nansemond River. This reinforces the observation 
that human activities as pollutant sources are much more abundant along 
the Elizabeth River than along the Nansemond River.
The ratio of pristane:phytane in petroleum is close to 1 (Blumer 
et al., 1973), and has routinely been used as an indicator of petroleum 
contamination. Average ratios are about 2.2 ± 0.7 and 1.4 ± 0.4 for 
the Elizabeth River core and Nansemond River core respectively. Ratios 
of pristane .-phytane which are greater than 1 suggest that hydrocarbons 
frcm marine organisms (mainly phytoplankton) are present in these sedi­
ments and that input to the Elizabeth River is greater than to the 
Nansemond River.
The ratio of n-C-^ g:phytane has also been used as a possible indicator 
of petroleum contamination. Petroleum has a n-C^g:phytane ratio around 
3 (Blumer et al., 1973) . The n-C-^ g:phytane ratios from the Elizabeth 
River core were considerably lover than 3 except in samples from 30.5 -
47.0 cm and 101 - 106 cm. Although straight-chain hydrocarbons degrade 
more quickly than isoprenoid compounds (Blumer and Sass, 1972) , this
148
argument may not apply in this core, because the ratio did not gradually 
decrease with depth in the core and bacterial activities may be sub­
stantially reduced in this highly creosote contaminated sediment. Sig­
nificantly reduced levels of bacteria in these sediments was observed 
(personal corirrunicatian with Dr. Kator, VTMS) . Scatter around mean 
values of the ratio probably reflects varied sources for short-chain 
n-alkanes and isoprenoid (mainly pristane and phytane) hydrocarbons. 
Different concentration maxima for short-chain n-alkanes (Figure 38) 
and isoprenoid (pristane and phytane) (Figure 36) may support this 
hypothesis. The n-C-^ g:phytane ratios frcm the Nansemond River core are 
close to 2 frcm the surface to 20 cm and close to 3 for the profile from 
20 cm to 45 cm. The small variation in values of the ratio suggests that 
there is a common source for short-chain n-alkanes and isoprenoid.
Carbon Preference Indices (CPI) (for the range on n-C24 to n-Cg^ ) 
are around 1, 1 to 2.4, 2.4 to 5.5 and greater than 5 for crude oil, 
ancient sediment, recent sediment and higher plants, respectively (Cooper 
and Bray, 1963) . Values of the CPI (for the range of n-C23 to nH 3^2^  
were 2.7 to 4.3 and 3.8 to 4.6 for the Elizabeth River core and the 
Nansemond River core, respectively. Therefore, the long-chain n-alkanes 
in both rivers were probably from terrestrial sources.
n-C]_7 and n-C29 ^ re generally the major compounds of short-chain 
n-alkanes and long-chain n-alkanes respectively. The ratio of n-C29: 
n-C^ is often used to suggest the variation in origin of these two 
alkanes. Values of this ratio (Table 11) in this Elizabeth River core 
varied from 0.4 to 12 for surface layer to 74 cm, and frcm 23 to 95 for 
below 74 cm. The relatively high n-O^in-C;^ ratios in the sections 
below 74 cm are due to the relative decrease in short-chain alkane input. 
The n-C29:n-Cp7 ratios (Table 13) of the Nansemond River core vary from
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15 to 28, which is much smaller than the Elizabeth River core ratios.
This may correspond to the lesser degree of human activity in the Nanse­
mond River area as compared to the Elizabeth River region.
CONCLUSIONS
A chemical analysis of the aromatic and aliphatic hydrocarbons 
in sediments frcm the Elizabeth and Nansemond Rivers reveals that the 
former has been heavily impacted by human activities. This is sup­
ported by the following observations:
(1) Inclusions of black, viscous oily substances in the sediment 
which looked and smelled like creosote. The control sedi­
ment contained no such inclusions.
(2) The concentrations of individual polycyclic aromatic hydro­
carbons in the sediment from the Elizabeth River were up 
to four orders of magnitude higher than those in the 
control area, the Nansemond River.
(3) Depth profiles of PAH concentrations in the Elizabeth River 
sediment sample shoved distinct maxima. If documented 
creosote spills are correlated with these profiles, then
an entirely plausible sedimentation rate of approximately 
2 an per year is obtained. The agreement of this rate with 
radioactive treatments suggests that the maxima are the 
result of man’s activities.
(4) From a qualitative standpoint, the distributions of poly­
cyclic aromatic hydrocarbons in the sediment samples and in 
the oily inclusions from the Elizabeth River are almost 
identical to those found in coal-tar creosote. The spilled
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creosote was distilled from coal tar.
The control area sediments also contain polycyclic aromatic 
hydrocarbons but at a much lower concentration. The major sources 
of PAHs in this sample are believed to be related to fossil fuel 
combustion. In addition, the small natural contribution from forest 
or brush fires may be significant in this relatively pristine area.
The major sources of aliphatic hydrocarbons to the Elizabeth 
River appear to be creosote related, but petroleum spills and the 
natural inputs from biosynthesis by marine and terrestrial organisms 
also contributed.
The aliphatic hydrocarbons in the Nansemond River appear to have 
similar sources to those in the Elizabeth River but the magnitude of 
anthropogenic activities is less.
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